Longitudinal midsole bending stiffness and elasticity are two critical features in the construction of running shoes. Stiff elastic materials (eg, carbon fiber) can be used to alter the midsole bending behavior. The purpose of this study was to investigate the effects of midsole stiffness and elasticity manipulation on metatarsophalangeal (MTP) joint mechanics during running in 19 male subjects at 3.5 m/s. Midsole bending stiffness and elasticity were modified by means of carbon fiber insoles of varying thickness. Stiffening the shoe structures around the MTP joint caused a shift of the point of force application toward the front edge of the shoe-ground interface. Negative work was significantly reduced for the stiffest shoe condition and at the same time a significant increase of positive work at the MTP joint was found. It seems plausible that the increase in positive work originates from the reutilization of elastic energy that was stored inside the passive elastic structures of the shoe and toe flexing muscle tendon units. Further, an increase in midsole longitudinal bending stiffness seems to alter the working conditions and mechanical power generation capacities of the MTP plantar flexing muscle tendon units by changing ground reaction force leverage and MTP angular velocity.
Elastic energy storage and return have been attributed as being key to economy of running in animals and humans. 1, 2 Comparative studies have demonstrated that animals, whose leg morphologies include long tendinous structures, show improved running economy. 3, 4 During each step, these animals store and subsequently reutilize a great amount of the energy needed for propulsion and support in their tendons and ligaments. Scholz et al, 5 as well as Raichlen and coworkers, 6 could demonstrate that runners with shorter heels show improved running economy. Shorter heels (= internal lever arms) require a greater Achilles tendon force to produce a certain ankle joint moment. Greater Achilles tendon force results in increased strain of the Achilles tendon, which allows for a greater amount of energy to be conserved inside the running system during stance.
The principle of energy storage and return has been successfully adopted in the construction of running surfaces 7, 8 and specialized running prostheses. 9 Recently, a double-sided transtibial amputee was able to show performances close to world-class able-bodied athletes in the 400 m competition wearing sprint-specific lightweight carbon prostheses. [10] [11] [12] This athlete reutilized more than 90% of the energy stored inside his highly elastic prosthesis. 12 Attempts to include energy return concepts into the construction of running shoes have failed in the past. 13 Energy storage potentials of typical running shoe midsole materials are small compared with human Achilles tendons and feet. 14 Even more, successful energy return would require energy to be returned at the right time, the right direction, and in the right frequency, as well as at the right location. 13 Based on these findings, it was proposed that athletic footwear might positively influence performance more by minimizing energy loss than by maximizing energy return. [15] [16] [17] [18] Stefanyshyn and coworkers identified the metatarsophalangeal (MTP) joint as a possible target area for the application of this concept, based on their findings that energy is absorbed and almost no positive work is done during stance at this joint. In several studies they did report a reduction in negative work at the MTP joint, which was their explanation for performance enhancement in running, sprinting, and jumping. 15, 17 Even though the authors used elastic carbon fiber plates for stiffening the shoe structures around the MTP joint, they could not find considerable amounts of positive work performed at the MTP (no returned energy). Contrary to these findings, substantial amounts of positive work at the MTP have been found for one sprinter wearing custom-made sprint spikes of different longitudinal bending stiffness during jumping tasks. 19 Energy return at the MTP joint An Official Journal of ISB www.JAB-Journal.com ORIGINAL RESEARCH would require the elastic midsole and the toes to perform a pronounced plantar flexion movement at the end of stance. In this scenario, energy would be transferred to the runner at the right place and the right time. Further, it can be assumed that energy return from the bent midsole would be maximal if the time of midsole longitudinal flexing and extending (period of oscillation) would completely fall inside the limits of ground contact. 20 Theoretically, there seem to be four possible strategies to modulate the runner-shoe system to this condition.
The first one would be an increased push-off time. This would be needed to give the MTP joint more time to plantar flex at the end of stance and therefore to increase its range of motion. In terminal stance, positive work can only be performed at the MTP joint during plantar flexion.
Further, midsole longitudinal bending stiffness can be increased. In this scenario, the same amount of MTP dorsiflexion would require a greater external bending moment to be applied by the ground reaction force (GRF). If the resultant GRF would remain unchanged, this could be realized by increasing the lever arm of the GRF to the MTP joint center. Increasing this lever arm is constrained by the length of the toes. Therefore, longitudinal bending stiffness (LBS) levels above a certain threshold cannot be compensated by an increase in bending moment applied by the GRF and will result in a decreased amount of dorsiflexion of the MTP joint. In this case, maximum MTP dorsiflexion might occur earlier in stance because the high LBS might limit the time during which the MTP dorsiflexes. Again, this mechanism would give the MTP joint more time to plantar flex during the push-off phase.
A third strategy aiming at increasing the plantar flexion time of the MTP would be to shift the onset of MTP dorsiflexion to an earlier time in stance. Most commercially available running shoe constructions include a certain amount of toe spring (angle between the forefoot and rearfoot break), which is thought to ease the foot roll over movement of the runner's leg late in stance. This toe spring delays longitudinal bending of midsole materials. Therefore, reducing or removing the toe spring might result in an earlier bending of the midsole.
Finally, the working conditions of extrinsic foot muscles can be improved. If these muscles work under optimal conditions (ie, optimal length and slow contraction velocity), they can produce more force. 21 As well as shoe structures, these biological structures surround the MTP joint and have the potential to modify its stiffness behavior.
Based on these theoretical considerations, it seems possible to create conditions under which energy storage and return at the MTP joint can occur. The purpose of this study was to evaluate the biomechanical effects of stiffening shoe structures around the MTP joint with respect to joint mechanics in moderate speed running. Emphasis should be laid on addressing the issue of energy storage and return in and from elastic midsole components surrounding the MTP joint.
It was hypothesized that increasing MTP joint stiffness shifts the point of force application of the ground reaction force to the front edge of the foot.
Further, that increasing MTP stiffness and elasticity will affect the temporal and spatial characteristics of MTP dorsiflexion and subsequent plantar flexion. Changing the timing of MTP dorsi-and plantar flexion changes the relative proportions of positive and negative work at the MTP as a result of an increase in terminal MTP plantar flexion time during which more positive work is performed in the stiffer conditions.
Methods
Nineteen male subjects (age: 25.3 ± 2.2 y, height: 1.79 ± 0.06 m, weight: 74.9 ± 7.4 kg) participated in this study. All subjects were free of injury and pain at time of the experiment and signed informed written consent before the start of data collection. Subjects were involved in sporting activities including running (eg, long distance running, football, handball) on a regular basis.
Three shoe conditions (control, medium stiffness [MS], high stiffness [HS]) were tested in the study. To allow for a great LBS variability, a shoe with low LBS and elasticity (Nike Free, Nike, Beaverton, USA) was selected as the control shoe condition. In addition, this shoe had a lower toe spring compared with traditionally constructed running shoes. LBS was modified by exchanging the original insoles with custom-made carbon fiber insoles (thickness: MS, 1.9 mm, and HS, 3.2 mm). Carbon insoles were crafted by an orthopedic shoemaker accounting for the minimal heel elevation and the shape of the original insole. LBS was quantified using a three-point bending test as described by Roy and Stefanyshyn. 15 The shoe was placed on two supporting points 80 mm apart from each other. The test was performed on the complete shoe including the upper. A material testing machine (Zwick Z020, Zwick GmbH & Co. KG, Ulm, Germany) was used to vertically displace the sole over a range of 7.5 mm. The speed of displacement was set to 15 mm/s. Stiffness was calculated as the mean force required displacing the stamp from 5 to 6 mm (see Figure 1) . Mean values of 20 cycles were taken and each loading regimen was repeated five times per shoe condition. Material testing of the shoes was undertaken at three different times (before, after 10 subjects and at the end of data collection) to control for possible fatigue of material. To quantify the bending elasticity of the shoe's midsoles, hysteresis values of each shoe condition were quantified by calculating the relative difference between energy absorbed and returned during the loading and unloading phases of the same three point bending test.
Before the biomechanical testing, each subject was requested to run for at least 200 m through the athletics indoor facility in which the biomechanics laboratory is incorporated. During this time, subjects could get used to the new shoe condition. Still, a long-term adaptation as in the study of Stefanyshyn and Nigg 17 during this period could certainly not be achieved. Each subject was asked to run with a constant speed of 3.5 m/s ± 5% along a 25 m long runway equipped with a 10 camera Vicon Nexus (250 Hz, Vicon Motion Systems, Oxford, UK) system incorporating a Kistler force plate (2500 Hz, 0.6 m × 0.9 m, 8 channel amplifier type 9865, Kistler Instrumente AG, Winterthur, Switzerland). Running speed was monitored by two double-light beams, placed 1 m in front and behind the anterior and posterior edges of the force plate. Five trials were included into analysis for each subject. A trial was judged valid if the entire foot hit the force plate without obvious changes in running pattern and no acceleration or deceleration of the subject was visible. All analysis was performed on the right leg only, assuming symmetry between the subject's legs. 22 Reflecting markers were placed at the following anatomic landmarks before motion capturing: Left and right spina iliaca anterior and posterior; right greater trochanter; right medial and lateral femoral condyles; medial and lateral tibial plateau; lateral and medial malleoli; lateral, medial, and posterior aspect of the heel; first and fifth metatarsal heads and on top of the tip of the second toe. To allow for precise tracking of the rearfoot and the forefoot segments, holes (diameters 30-35 mm) were cut into the upper of the shoe. 23 Rearfoot motion was tracked by means of three lightweight (1.5 g) satellite markers, while the forefoot Figure 2 -Adopted marker set to track the motion of the rearfoot and forefoot. Light satellite markers were used to track the motion of the rearfoot to avoid contact with the outer edges of the holes, which were cut into the upper, due to minimal slipping movements of the foot inside the shoe. Relative movement between the foot and the shoe was not observed in the forefoot region; therefore, regular markers could be used. motion was captured using conventional 15 mm diameter markers (see Figure 2 ). To ensure that the foot kept contact with the midsole, a custom-made leather cast was wrapped around the midfoot by means of Velcro straps and a single cord lacing.
Raw marker coordinates were filtered with a 4th-order zero lag Butterworth low-pass filter 24 with a cut-off frequency of 20 Hz. Force plate data were filtered with the same filter but with a cut-off frequency of 100 Hz. Both datasets were incorporated into a 3-dimensional inverse dynamical model of the right lower extremity. The model comprises five segments (pelvis, thigh, shank, rearfoot, and forefoot). The hip joint center was defined using regression equations given by Seidel. 25 Knee and ankle joint centers were defined as the midpoints between the medial and lateral femoral condyles and the midpoint between the medial and lateral malleoli, respectively. The center of the MTP joint was assumed to coincide with the head of the first metatarsal in the antero-posterior direction and with the foot's longitudinal axis in the medio-lateral direction. The longitudinal axis of the foot is defined as an axis parallel to the ground that runs from the posterior heel marker to a marker placed on top of the second toe. This positioning will lead to lower values of joint moments and powers compared with studies were the position of the MTP joint center was estimated as the head of the fifth metatarsal or the midpoint between first and fifth metatarsal head. 15, 17, 18 Nonetheless, to the authors, this point seems to be the best approximation, since most of the forces are transmitted through the first and second metatarsal ray of the foot in running.
A standing reference trial was used to define orthogonal anatomical coordinate systems (ACS) for each segment. The positive x-axis of each ACS was pointing anteriorly, positive y-axis was pointing to the left and positive z-axis was pointing vertically upwards. These ACS were related to technical coordinate frames defined by at least three markers per segment. 26 The trajectories of all tracking markers defining a segment were optimized 27 to comply better with rigid body assumptions. Joint angles were calculated using Cardan angle convention (sequence of rotation y, x, z). All joint angle measurements could be referenced to the same standing trial, since no marker replacement was necessary between shoe conditions. Joint moments were calculated using a standard inverse dynamics approach 28 and expressed in the proximal ACS. It was assumed that the joint moment at the MTP joint is zero until the point of force application of the GRF acts distal to the MTP joint center. 18 Joint powers were calculated as the product of instantaneous internal joint moment and instantaneous angular velocity, separately around each clinical axis. The point of force application was described in the foot's anatomical coordinate system at the instance when the foot was placed flat on the ground. The point of force application was further referenced to the position of the MTP joint center at the same instant of time. Due to the inaccuracy in determination of the point of force application at low force values, all variables, whose determination involves the point of force application, are given excluding the first and last 5% of stance. 29 Since LBS is considered to affect running mechanics in the sagittal plane the most, all variables are given exclusively for this plane.
All data curves were time normalized to the duration of stance phase. Stance phase was determined as the time when the vertical ground reaction force component exceeded a threshold of 10 N. Effective contact time was calculated as the time during which vertical ground reaction force is above the individual subject's body weight. Since it was assumed that LBS affects joint kinematics and kinetics predominantly during the second part of stance, stance times were further subdivided into two phases according to changes in overall CoM energy. 30 Time during which CoM energy is reduced (T Brake ) and time during which CoM energy is increased (T Push ) were determined using the method given by Cavagna. 31 The calculation of initial CoM velocity and position was slightly modified, since multiple force plates in series were not available. Therefore the CoM was assumed to be represented by the center of the pelvis segment. 32 Horizontal position of the CoM was estimated by the center of the pelvis segment as well, since changes in trunk inclination due to MTP joint stiffness changes were assumed to be negligible. All calculations were performed using custom-made Matlab code (version R2010a, The MathWorks, Inc., Natick, MA, USA).
Mean parameter values and curves were created for each subject. To check for statistically significant differences between shoe conditions a one-factor repeatedmeasures ANOVA (general linear model) was applied to the dataset. The level of significance was set at α = .05. If a significant shoe condition effect was detected by the ANOVA, a post hoc test using Bonferroni correction was performed to identify differences between shoe conditions. MS and HS displayed hysteresis values of 23.8 ± 0.01% and 22.5 ± 0.01%, which was about 34% and 37% lower than the control shoe condition (36.0 ± 0.02%), respectively.
Results

Stiffness
Overall stance time as well as push-off time were significantly (P < .001) increased for the MS and HS condition with respect to control. Effective contact time and braking time were not affected by shoe conditions ( Table 1) .
The point of force application was shifted significantly toward the front edge of the foot for the last 40% of stance. This effect was more pronounced for the HS compared with the MS condition (Figure 4 ). In the medio-lateral direction, the point of force application passed the longitudinal axis of the foot from the lateral to the medial side at about 30% of the stance phase in all shoe conditions (Figure 4) . Note. Control = statistically significant difference from control condition. MS = statistically significant difference from medium stiffness condition. HS = statistically significant difference from high stiffness condition.
*P < .05, **P < .01, ***P < .001. MTP range of motion (RoM) as well as MTP maximum dorsiflexion was systematically reduced with increasing midsole bending stiffness. Maximum dorsiflexion angles were reached earlier in stance for both stiff conditions compared with control and terminal MTP plantar flexion started at an earlier relative time in stance. Maximum dorsi-and plantar flexion velocities were reduced systematically for the MS and HS condition (see Figure 5 and Table 2 ).
External dorsiflexion moments and angular impulses showed a significant MTP stiffness dependent increase during the push-off phase. Negative work was significantly decreased for the HS condition compared with control and MS. The greatest amount of negative work was performed at the MTP for the MS condition, even though there was no significant difference to the control condition evident. Positive work as well as maximum MTP joint power was found to significantly increase with increasing joint stiffness and elasticity, with smaller absolute differences between the MS and HS conditions compared with the differences between both stiff conditions and control (Table 2) .
Net joint work was systematically shifted to a positive direction. Ten of 19 subjects performed positive net MTP joint work wearing the HS condition ( Figures 5,  6 , and 7).
Discussion
In this study, the main target of shoe modification was to increase both the longitudinal midsole bending stiffness as well as the bending elasticity around the MTP joint. This was realized with the use of custom-made carbon fiber insoles. Even though the results presented in Figure  3 for the MS condition indicate the presence of some material fatigue with respect to bending stiffness during the experiment, bending stiffness values were remarkably different at all stages of the data collection phase. Hysteresis values were about 40% lower for the HS and MS condition, indicating that bending elasticity differed considerably between the control and both insole conditions. Comparing stiffness values with results published in the literature is almost impossible due to the different approaches applied to calculate longitudinal midsole bending stiffness. In this study, the approach of Roy and Stefanyshyn 15 was adopted to calculate bending stiffness at the MTP, to allow for a comparison with their results. Note. Control = statistically significant difference from control condition. MS = statistically significant difference from medium stiffness condition. HS = statistically significant difference from high stiffness condition.
*P < .05, **P < .01, ***P < .001. Still, this three point bending approach is very simplistic and may not replicate longitudinal bending stiffness values in real running conditions. Nonetheless, it could be shown that stiffness conditions differed substantially between conditions. The results of the current study are considerably lower than the values observed by Roy and Stefanyshyn. The deflection velocity of the three-point bending stiffness test was 5 times higher in the Roy and Stefanyshyn setup due to technical restrictions of the used material testing device in our study. Further it has been shown during pilot test sessions that the mechanical test is very sensitive to small variations in shoe placement and point of force application. Therefore, it is reasonable to assume that the stiffness values in the Roy and Stefanyshyn study were higher than those in the current study, even though the absolute differences remain somehow uncertain, because of minor differences in the applied test setup.
To the knowledge of the authors, no results of running shoe's material fatigue or hysteresis values concerning MTP bending are published in the literature until now. It should be a goal of future research to establish a standardized methodology for the determination of longitudinal bending stiffness and elasticity of shoes to allow for a better comparison of results between studies.
The main purpose of this study was to quantify the effect of midsole longitudinal bending stiffness and elasticity on the mechanical behavior of the MTP joint during the stance phase of running. It was hypothesized that the implementation of stiff carbon fiber insoles would result in a shift of the point of force application to an anterior direction during the push-off phase of running stance. The results of this study clearly confirm this hypothesis. Even though some authors have speculated about such a mechanism in the past (eg, Stefanyshyn and Fusco 16 ), to the knowledge of the authors this is the first time that it can be substantiated by actual results.
It was further hypothesized that an increase in stiffness and elasticity properties of shoe structures surrounding the MTP joint would change the timing and amplitude of main kinematic and kinetic parameters of the MTP joint. Again this hypothesis can be accepted. A different behavior concerning energy absorption and generation patterns was found. A decrease in negative work at the MTP when wearing shoes with higher longitudinal bending stiffness was found, which is in line with published literature on running, sprinting and jumping. [15] [16] [17] However, in the current study, the highest values of negative work were found for the medium stiff condition, indicating a nonlinear relationship between longitudinal bending stiffness and energy absorption at the MTP joint. From a mathematical perspective, an optimal tradeoff between the increase in joint moments and the decrease in angular velocity needs to be found to maximize energy absorption at a joint. Therefore, the current results of the MS condition indicate that the reduction in angular velocity was not accentuated enough to compensate for the increase in MTP joint moment, resulting in an increase of negative work. On the other hand, for the stiffest condition, the increase in joint moment was not large enough to compensate for the decrease in dorsiflexion velocity, which explains the decrease in energy absorption at the MTP joint. During the terminal phase of push-off, considerable amounts of positive work were found in the current study for both stiff conditions, which is in line with the results of Toon and coworkers. 19 It might be assumed that most of this positive work originates from the reutilization of previously stored elastic energy. Energy might have been stored inside the elastic parts of the running shoe's midsole as well as inside the long tendinous parts of the muscle tendon units, which surround the MTP joint in the plantar direction. Nonetheless, 10 of 19 subjects performed positive net work while running in the HS shoe condition. Therefore and because of the fact that tendon structures and midsole materials do not show ideal elastic behavior, some amount of positive work must originate from muscular sources as well in the HS condition.
It seems that an increase in stiffness of shoe materials around the MTP joint provides better working conditions for plantar flexing muscle tendon units by decreasing MTP plantar flexion velocities during terminal stance and by increasing overall push-off duration. This might allow for muscle fiber shortening at lower regions of their individual force-velocity relationships.
The result of this study, that considerable amounts of positive work at the MTP joint exist, is in clear contrast with the literature. This discrepancy might be explained by several aspects. Running velocities were lower in the current study than in one previous study, 17 but were similar to the study of Roy and Stefanyshyn, 15 who did not find substantial amounts of positive work at the MTP joint in terminal stance. Several small differences in model calculations (MTP joint center location, marker trajectory low pass filtering, etc) between the present and previously published studies exist, which might have affected the amplitude of joint moments or the magnitude of MTP joint angular velocities. The constructional details of the reference shoe condition might play another important role in positive work generation at the MTP joint. In our study the reference shoe construction incorporated only a small amount of toe spring. As a result of this constructional feature the shoe's midsole and carbon insoles were bent earlier in stance compared with classical shoe construction designs, which incorporate considerable amounts of toe spring. This altered bending and subsequent extending timing resulted in an almost neutral MTP dorsiflexion angle at toe-off for the HS condition which in turn resulted in the generation of considerable amounts of positive work at the MTP.
When considering performance aspects, an increase in energy storage and return at the MTP joint might be beneficial for running economy. Roy and Stefanyshyn 15 found improved running economy when wearing running shoes with increased LBS. However, they did not find substantial amounts of positive work at the MTP, which could have been because of different characteristics of their control shoe (eg, toe spring).
Energy exchange at the MTP joint is low compared with the ankle, knee, and hip joint, which lowers the importance of passive energy storage and return at that joint with respect to running performance. However, the results indicate that MTP stiffness might have an influence on the working conditions of extrinsic foot muscles crossing the MTP joint by changing the rate of shortening, which could be another important performance relating mechanism.
Coincident with the literature, 15, 19, 33, 34 the five individual MTP joints were combined and modeled as a joint with a single center of rotation. Even though a kinetic analysis of each individual MTP joint would be desirable, such an approach is restricted by problems inherent with the precise allocation of ground reaction forces to distinct areas of the foot ground interface 18 Smith and coworkers 35 developed an elegant methodology to improve the representation of the MTP joint by using a two axis approach for MTP joint modeling. They concluded that this approach leads to more realistic values for MTP joint mechanics in sprint running. In the current study, it was assumed that the flexion / extension axis of the MTP joint coincides with an axis which is perpendicular to the long axis of the foot. This axis was fixed for the entire stance phase. Several studies have shown that the trajectory of the center of pressure crosses the MTP joints between the first and third foot ray in running and walking. 36, 37 In the current study, the point of force application crossed the foot's longitudinal axis at about 30% of the stance phase and progressed forward on the medial side underneath the first and second toe until the end of the push-off ( Figure  4) . Therefore, different from sprint running, a change of MTP joint axis is not necessary at moderate running speeds and in runners who are mainly rearfoot or midfoot strikers. The first three medial MTP joints are aligned in one straight line which is perpendicular to the length axis of the foot and might be considered as the main roll over axis during the push-off phase in moderate speed running. Therefore, in the course of this study, as well as in previously published articles, 19, 34, 38 the flexion extension axis of the MTP joints is assumed to coincide with this axis. Nonetheless, MTP joint simplifications have to be considered when interpreting the results, because joint position and orientation of joint axes can affect joint moment amplitudes as well as temporal patterns in energy absorption and generation. 33, 35 In summary, the results of our study indicate that it is possible to alter MTP joint mechanics considerably by manipulating the stiffness and elasticity of surrounding passive structures. It seems possible that elastic strain energy can be stored inside the elastic parts of the midsole and can be reutilized during terminal push-off. Further, stiffening of the MTP joint changes the working conditions at the MTP by a change in contraction velocity, push-off duration and by changing the leverage of the GRF at the MPT joint by means of an anterior shift of the point of force application.
